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Abstract
Intelligent reflecting surface (IRS) has emerged as an enabling technology to achieve smart and
reconfigurable wireless communication environment cost-effectively. Prior works on IRS mainly consider
its passive beamforming design and performance optimization without the inter-IRS signal reflection,
which thus do not unveil the full potential of multi-IRS assisted wireless networks. In this paper, we
study a double-IRS assisted multi-user communication system with the cooperative passive beamforming
design that captures the multiplicative beamforming gain from the inter-IRS channel. Under the general
channel setup with the co-existence of both double- and single-reflection links, we jointly optimize the
(active) receive beamforming at the base station (BS) and the cooperative (passive) reflect beamforming
at the two distributed IRSs (deployed near the BS and users, respectively) to maximize the minimum
signal-to-interference-plus-noise ratio (SINR) of all users. Moreover, for the single-user and multi-user
setups, we analytically show the superior performance of the double-IRS cooperative system over the
conventional single-IRS system in terms of the maximum signal-to-noise ratio (SNR) and multi-user
effective channel rank, respectively. Simulation results validate our analytical results and show the
practical advantages of the proposed double-IRS system with cooperative passive beamforming designs.
Index Terms
Intelligent reflecting surface (IRS), distributed IRSs, cooperative passive beamforming, IRS deploy-
ment, multi-user multiple-input multiple-output (MIMO).
I. INTRODUCTION
As a promising technology for achieving smart and reconfigurable wireless communication
environment cost-effectively, intelligent reflecting surface (IRS) has recently received rapidly
increasing attention from both academic and industry communities [1]–[4]. Specifically, IRS is
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2a planar metasurface consisting of a large number of passive reflecting elements, each of which
can be digitally controlled to induce an independent amplitude change and/or phase shift to the
incident signal, thereby collaboratively altering the wireless channels between transmitters and
receivers. As such, IRS is endowed with the capability of reshaping the wireless propagation
environment in favor of signal transmission, which is fundamentally different from the existing
transmission techniques that can only adapt to but have no control over the random wireless
channels. Moreover, different from the traditional active relaying/beamforming, IRS is able to
achieve full-duplex passive beamforming/reflection without incurring any noise amplification
and requiring any active radio-frequency (RF) chains for signal transmission/reception as well
as self-interference cancellation, which thus leads to much lower implementation cost and energy
consumption. Furthermore, IRS enjoys additional practical advantages such as low profile, light
weight, and conformal geometry, which also facilitate its flexible and large-scale deployment
in wireless networks. Owing to the above appealing features, IRS has been studied extensively
and incorporated into various wireless systems, e.g., orthogonal frequency division multiplex-
ing (OFDM) [5]–[8], multi-antenna communication [9]–[11], non-orthogonal multiple access
(NOMA) [12]–[14], etc.
Most of the existing works on IRS have focused on the passive beamforming design and
performance optimization (see, e.g., [15]–[22]) in various systems with one or more distributed
IRSs, each independently serving its associated users within the local coverage via single signal
reflection only. In this case, no signal interaction/cooperation among multiple IRSs is considered,
which simplifies the passive beamforming design. However, when multiple IRSs are deployed
to enhance wireless communication performance, such a decoupled passive beamforming design
approach is no longer optimal in general as the inter-IRS channels may have a great impact
on the system performance and thus need to be taken into account. In particular, the passive
beamforming over multiple IRSs should be cooperatively designed, which not only avoids
the undesired interference but also brings the new opportunity of exploiting the multiplicative
beamforming gain over them to further enhance the system performance. In [23], the authors
made an initial attempt to explore such a cooperative beamforming gain in a double-IRS assisted
single-user system, where a user is served by a single-antenna base station (BS) through the
double-reflection link over two distributed IRSs located near the BS and user, respectively, with
the other links ignored for simplicity. It was shown in [23] that under the assumption of line-of-
sight (LoS) channel model for the inter-IRS link, a passive beamforming gain of order O (M4)
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Fig. 1. A double-IRS cooperatively assisted multi-user MIMO communication system.
can be achieved by properly aligning the passive beamforming directions of the two cooperative
IRSs with a total number ofM elements/subsurfaces, which overwhelms the conventional single-
IRS system with a passive beamforming gain of order O(M2) [15]. However, deploying two
or more cooperative IRSs incurs additional path loss, which generally requires a sufficiently
large number of M (IRS elements/subsurfaces) to compensate for the higher path loss so as to
outperform the conventional single-IRS deployment. Despite its promising result, [23] assumed
the ideal LoS inter-IRS channel model to reap the M4-fold power scaling and also simplified
the system setup with the single-antenna BS, single user, and presence of the double-reflection
link only. While for the general system setup under arbitrary channels and with multiple BS
antennas/users, it still remains unknown whether partitioning the IRS elements/subsurfaces into
distributed but cooperative IRSs is superior to combining them as one single IRS or not.
To address this new problem, we consider in this paper a double-IRS cooperatively assisted
multi-user multiple-input multiple-output (MIMO) communication system as shown in Fig. 1,
where two distributed IRSs are deployed near a multi-antenna BS and a cluster of nearby
users, respectively, to assist their communications. Under the general channel setup with the
co-existence of both double- and single-reflection links, we jointly optimize the (active) receive
beamforming at the BS and the cooperative (passive) reflect beamforming at the two distributed
IRSs to maximize the minimum signal-to-interference-plus-noise ratio (SINR) among all users in
their uplink transmissions. Moreover, to investigate the performance gains brought by the new
double-IRS cooperative system, we consider two conventional single-IRS assisted multi-user
systems for fair comparison (see Fig. 2). The main contributions of this paper are summarized
as follows.
4• First, for the case of single-user communication, we prove that the maximum signal-to-
noise ratio (SNR) achieved by the double-IRS cooperative system is always no lower than
that by the single-IRS baseline under proper channel setups. Although the optimal joint
active/passive beamforming design is difficult to obtain in general for both cases, we propose
an efficient algorithm for the double-IRS system based on the alternating optimization (AO)
of the receive beamforming at the BS and the cooperative reflect beamforming at the two
distributed IRSs in an iterative manner, where their optimal solutions are derived in closed
form with the other two being fixed.
• Next, for the general multi-user setup, we analytically show that the rank of the multi-
user channel matrix reconfigured in the double-IRS cooperative system is generally higher
than that of the single-IRS baseline. Thus, with a higher channel rank, the double-IRS
cooperative system achieves a higher spatial multiplexing gain for supporting multiple users,
which leads to significantly improved max-min SINR/rate performance over the single-IRS
baseline. Moreover, we extend the AO-based joint active/passive beamforming design to the
multi-user setup by leveraging the semidefinite relaxation (SDR) and bisection methods to
solve the max-min SINR problem efficiently for the double-IRS cooperative system.
• Finally, we provide simulation results to corroborate our theoretical findings on the new
double-IRS cooperative system as well as validate the effectiveness of the proposed joint
beamforming design. It is shown that the double-IRS cooperative system is able to achieve
significant rate performance gains over the single-IRS baseline in various system settings, by
effectively balancing the gains between the passive beamforming and spatial multiplexing
under the co-existence of both double- and single-reflection links.
The rest of this paper is organized as follows. Section II presents the system model and the
problem formulation for the double-IRS assisted multi-user MIMO system as well as the two
single-IRS baseline systems. In Sections III and IV, we propose efficient algorithms to solve
the formulated problems for the double-IRS cooperative system and compare with the single-
IRS baseline under the single-user and multi-user setups, respectively. Simulation results are
presented in Section V to evaluate the performance of the proposed designs. Finally, conclusions
are drawn in Section VI.
Notation: Upper-case and lower-case boldface letters denote matrices and column vectors,
respectively. Upper-case calligraphic letters (e.g., F ) denote discrete and finite sets. Superscripts
(·)T , (·)H , and (·)−1 stand for the transpose, Hermitian transpose, and matrix inversion operations,
5respectively. Ca×b denotes the space of a× b complex-valued matrices. For a complex-valued
vector x, ‖x‖ denotes its ℓ2-norm, ∠(x) returns the phase of each element in x, diag(x) returns
a diagonal matrix with the elements in x on its main diagonal, and [x]a:b denotes the subvector
of x consisting of the elements from a to b. | · | denotes the absolute value if applied to a
complex-valued number or the cardinality if applied to a set. O(·) denotes the standard big-O
notation, rank (A) returns the rank of matrix A, [A]i,j denotes the (i, j)-th entry of matrix
A, and S  0 implies that S is positive semi-definite. I and 0 denote an identity matrix and
an all-zero matrix, respectively, with appropriate dimensions. The distribution of a circularly
symmetric complex Gaussian (CSCG) random vector with mean vector µ and covariance matrix
Σ is denoted by Nc(µ,Σ); and ∼ stands for “distributed as”.
II. SYSTEM MODEL AND PROBLEM FORMULATION
A. Double-IRS Assisted Multi-User MIMO
As shown in Fig. 1, we consider a double-IRS cooperatively assisted multi-user MIMO
communication system, in which two distributed IRSs (referred to as IRS 1 and IRS 2) are
deployed to assist the uplink transmission from a cluster of K single-antenna users to an N-
antenna BS. To minimize the path loss between the IRSs and their associated BS/users, we
assume the practical deployment scenario where IRSs 1 and 2 are placed near the cluster of
users and the BS, respectively. We also consider the challenging scenario where the direct links
between the users in the same cluster and the BS are severely blocked by obstacles (e.g., walls
in indoor environment) and thus can be ignored. However, by properly deploying the two IRSs,
the K users can be effectively served by the BS through the reflection links created by them.
Consider a total number of M passive subsurfaces for the two distributed IRSs, where IRSs 1
and 2 consist of M1 and M2 subsurfaces, respectively, with M1 +M2 = M . Note that each of
these IRS subsurfaces in practice constitutes an arbitrary number of adjacent reflecting elements
that induce a common phase shift to the incident signal, thus enjoying a high aperture gain
but with significantly reduced cost for channel estimation and reflection optimization, which
generally increases with the number of subsurfaces [5], [6]. Moreover, each distributed IRS is
connected to a smart controller that adjusts its phase shifts and exchanges information with the
BS via a separate reliable wireless link [2].
Let u1,k ∈ CM1×1, u2,k ∈ CM2×1, D ∈ CM2×M1 , G1 ∈ CN×M1 , and G2 ∈ CN×M2 denote the
baseband equivalent channels for the user k→IRS 1, user k→IRS 2, IRS 1→IRS 2, IRS 1→BS,
6and IRS 2→BS links, respectively, with k = 1, . . . , K. Let θµ , [θµ,1, θµ,2, . . . , θµ,Mµ]T denote
the equivalent reflection coefficients of IRS µ, where |θµ,m| = 1, ∀m = 1, . . . ,Mµ, µ ∈ {1, 2}.1
With the above setup, the superimposed channel from user k to the BS by combining the double-
reflection link (i.e., user k→IRS 1→IRS 2→BS channel)2 and the two single-reflection links
(i.e., user k→IRS 2→BS and user k→IRS 1→BS channels) is given by
hk =G2Φ2DΦ1u1,k +G2Φ2u2,k +G1Φ1u1,k (1)
=G2Φ2DΦ1u1,k +R2,kθ2 +R1,kθ1, k = 1, . . . , K (2)
where Φµ = diag (θµ) represents the diagonal reflection matrix of IRS µ with µ ∈ {1, 2},
R2,k = G2diag (u2,k) denotes the cascaded user k→IRS 2→BS channel (without phase shifts
of IRS 2), and R1,k = G1diag (u1,k) denotes the cascaded user k→IRS 1→BS channel (without
phase shifts of IRS 1). Different from [23] that assumed receive RF chains integrated into IRSs,
we consider the fully passive IRSs without any sensing ability, which is more practical due to
the much lower power consumption and implementation cost. As such, it is infeasible to acquire
the separate channel state information (CSI) between the two IRSs as well as that with the
BS/users directly. Nevertheless, the cascaded CSI is sufficient to design the transmission for the
considered system. Specifically, by denoting D˜k ,
[
d˜k,1, . . . , d˜k,M1
]
= Ddiag (u1,k), (2) can
be further expressed as
hk = G2Φ2D˜kθ1 +R2,kθ2 +R1,kθ1 (3)
= G2
[
Φ2d˜k,1, . . . ,Φ2d˜k,M1
]
θ1 +R2,kθ2 +R1,kθ1 (4)
= G2
[
diag
(
d˜k,1
)
θ2, . . . , diag
(
d˜k,M1
)
θ2
]
θ1 +R2,kθ2 +R1,kθ1 (5)
=
M1∑
m=1
G2 diag
(
d˜k,m
)
︸ ︷︷ ︸
Qk,m
θ2θ1,m +R2,kθ2 +R1,kθ1, k = 1, . . . , K (6)
where Qk,m denotes the cascaded user k→IRS 1→IRS 2→BS channel (without phase shifts of
IRSs 1 and 2) associated with subsurface m in IRS 1, ∀m = 1, . . . ,M1. According to (6), it
is sufficient to acquire the knowledge of the cascaded channels {Qk,m}M1m=1, R2,k, and R1,k for
jointly designing the passive beamforming coefficients {θ1, θ2} in the double-IRS cooperative
1The reflection amplitudes of all subsurfaces are set to one or the maximum value to maximize the signal reflection power.
2Although there exists another double-reflection link over the user k→IRS 2→IRS 1→BS channel, it suffers from much
higher path loss due to the much longer propagation distance (see Fig. 1) and thus is ignored in this paper.
7system. In this paper, we focus on characterizing the fundamental performance gains brought
by the double-IRS cooperative system; thus we assume for simplicity that the CSI of all the
above cascaded channels is available at the BS.3 In addition, the quasi-static flat-fading channel
model is assumed for all the channels, which remain approximately constant within each channel
coherence interval.
During the uplink data transmission, the received signal at the BS is given by
y =
K∑
k=1
hksk + v =
K∑
k=1
(
M1∑
m=1
Qk,mθ2θ1,m +R2,kθ2 +R1,kθ1
)
sk + v (7)
where sk ∼ Nc(0, Pk) is the transmitted data symbol of user k with Pk being the user transmit
power and v ∼ Nc(0, σ2I) is the additive white Gaussian noise (AWGN) vector at the BS
with σ2 being the equivalent noise power. Upon receiving y, the BS applies a linear receive
beamforming vector wHk ∈ C1×N to decode each sk, i.e.,
y˜k =w
H
k
K∑
j=1
(
M1∑
m=1
Qj,mθ2θ1,m +R2,jθ2 +R1,jθ1
)
sj +w
H
k v, k = 1, . . . , K. (8)
Accordingly, the SINR for decoding the information from user k is given by
γk =
Pk
∣∣∣∣wHk
(
M1∑
m=1
Qk,mθ2θ1,m +R2,kθ2 +R1,kθ1
)∣∣∣∣2
∑
j 6=k
Pj
∣∣∣∣wHk
(
M1∑
m=1
Qj,mθ2θ1,m +R2,jθ2 +R1,jθ1
)∣∣∣∣2 + σ2wHk wk
, k = 1, . . . , K. (9)
B. Problem Formulation
In this paper, we aim to maximize the minimum SINR among all users by jointly optimizing
the (active) receive beamforming at the BS and the cooperative (passive) reflect beamforming at
the two distributed IRSs, subject to the unit-modulus constraints for all reflecting subsurfaces.
Accordingly, the problem is formulated as
(P1): max
{wk}
K
k=1
,θ1,θ2
min
k
γk (10)
s.t. |θµ,m| = 1, ∀m = 1, . . . ,Mµ, µ ∈ {1, 2}. (11)
3The problem of estimating the cascaded CSI for the double-IRS cooperative system is also new and worth investigating,
which will be left for our future work.
8It can be verified that problem (P1) is a non-convex optimization problem and challenging
to solve, due to the non-concave objective function in (10) and the non-convex unit-modulus
constraints in (11). Moreover, it can be observed from (9) that all the users are coupled by
interference, which depends on not only the individual receive beamformer wk, but also the
cooperative reflect beamformers θ1 and θ2 that are commonly shared by all the users, which
thus need to be optimized jointly. Although there is no standard method for solving such a non-
convex optimization problem optimally, we apply the AO technique to solve (P1) efficiently in the
single-user case at first, which is then generalized to the multi-user case. Prior to solving problem
(P1), we present two conventional single-IRS assisted multi-user systems as the baselines, so as
to investigate the performance gains brought by deploying two cooperative IRSs against placing
all subsurfaces on one single IRS, in the sequel of this paper.
C. Baseline System: Conventional Single-IRS Assisted Multi-User MIMO
We consider two baseline systems as illustrated in Fig. 2, where all the M = M1 + M2
subsurfaces are placed on one single (centralized) IRS, which is deployed in the vicinity of
either the BS or the user cluster, respectively. For the former case (latter case), we let u¯k ∈
C
M×1 (u˜k ∈ CM×1) and G¯ ∈ CN×M (G˜ ∈ CN×M ) denote the baseband equivalent channels
for the user k→IRS and IRS→BS links, respectively, with k = 1, . . . , K. Moreover, we let
θ , [θ1, θ2, . . . , θM ]
T
denote the equivalent reflection coefficients of the single IRS. Hence, the
effective channel from user k to the BS for the case in Fig. 2(a) is given by
h¯k =G¯Φu¯k = R¯kθ, k = 1, . . . , K (12)
where Φ = diag (θ) represents the diagonal reflection matrix of the single IRS and R¯k =
G¯diag (u¯k) denotes the cascaded user k→IRS→BS channel (without phase shifts of IRS); while
the effective channel for the case in Fig. 2(b) can be similarly defined. Note that the two single-
IRS baselines can also be considered as two special cases of the double-IRS cooperative system
with M1 = 0 and M2 = 0, respectively. Similar to the double-IRS case, the cascaded CSI is
sufficient for the joint beamforming design of the single-IRS assisted systems as well. Based on
the channel model in (12) and with the linear receive beamformer w¯Hk ∈ C1×N applied at the
BS for decoding the information of user k, the corresponding SINR is given by
γ¯k =
Pk
∣∣w¯Hk R¯kθ∣∣2∑
j 6=k
Pj
∣∣w¯Hk R¯jθ∣∣2 + σ2w¯Hk w¯k , k = 1, . . . , K (13)
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Fig. 2. Two conventional single-IRS assisted multi-user MIMO communication systems.
while the SINR for the case in Fig. 2(b) can be similarly defined. In the rest of this paper, we
focus on the case of single IRS deployed near the BS shown in Fig. 2(a) for the comparison
against the double-IRS cooperative system shown in Fig. 1, while similar results hold for the
other case shown in Fig. 2(b) under symmetric channel setups of the two single-IRS baselines.
III. SINGLE-USER SYSTEM
In this section, we consider the single-user setup, i.e., K = 1, to draw essential and useful
insights into the optimal joint beamforming design to maximize the receive SNR at the BS. In
this case, no inter-user interference is present, which also corresponds to the practical scenario
when orthogonal multiple access (such as time division multiple access) is employed to separate
the communications for different users. For brevity, the user index k is dropped in this section.
As such, with the absence of inter-user interference, problem (P1) can be simplified as
(P2): max
w,θ1,θ2
P
∣∣∣∣wH
(
M1∑
m=1
Qmθ2θ1,m +R2θ2 +R1θ1
)∣∣∣∣2
σ2wHw
(14)
s.t. |θµ,m| = 1, ∀m = 1, . . . ,Mµ, µ ∈ {1, 2}. (15)
Nonetheless, it is still challenging to solve problem (P2) due to the non-convex unit-modulus
constraints in (15). Moreover, the receive beamforming at the BS (i.e., w) is coupled with the
cooperative reflect beamforming at the two distributed IRSs (i.e., θ1 and θ2) in (14). In the next
two subsections, we first extend the AO technique [15] to solve problem (P2) for designing the
cooperative reflect beamforming and then compare the double-IRS cooperative system with the
single-IRS baseline in terms of the maximum receive SNR.
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A. AO Algorithm for Cooperative Passive Beamforming Design
In this subsection, we propose an AO-based algorithm for solving problem (P2), which
alternately optimizes the receive beamforming at the BS and the cooperative reflect beamforming
at the two distributed IRSs in an iterative manner, until the convergence is achieved.
For fixed receive beamforming w, problem (P2) is reduced to the following optimization prob-
lem for designing the cooperative reflect beamforming (with constant/irrelevant terms omitted
for brevity).
(P2.1): max
θ1,θ2
∣∣∣∣∣wH
(
M1∑
m=1
Qmθ2θ1,m +R2θ2 +R1θ1
)∣∣∣∣∣
2
(16)
s.t. |θµ,m| = 1, ∀m = 1, . . . ,Mµ, µ ∈ {1, 2}. (17)
As problem (P2.1) is still non-convex and difficult to solve optimally due to the unit-modulus
constraints as well as the coupling of θ1 and θ2, we propose to alternately optimize one reflect
beamforming vector while fixing the other. Specifically, for given θ1, the objective function in
(16) can be rewritten as∣∣∣∣∣wH
(
M1∑
m=1
Qmθ2θ1,m +R2θ2 +R1θ1
)∣∣∣∣∣
2
=
∣∣∣∣∣wH
(
M1∑
m=1
θ1,mQm +R2
)
θ2 +w
HR1θ1
∣∣∣∣∣
2
. (18)
Moreover, for (18), we have the following inequality:∣∣∣∣∣wH
(
M1∑
m=1
θ1,mQm +R2
)
θ2 +w
HR1θ1
∣∣∣∣∣ (a)≤
∣∣∣∣∣wH
(
M1∑
m=1
θ1,mQm +R2
)
︸ ︷︷ ︸
bH
θ2
∣∣∣∣∣+
∣∣∣wHR1θ1︸ ︷︷ ︸
b0
∣∣∣ (19)
where (a) is due to the triangle inequality and the equality holds if and only if ∠
(
bHθ2
)
= ∠ (b0).
Based on (19) with fixed θ1 and w, problem (P2.1) is equivalent to
(P2.2): max
θ2
∣∣bHθ2∣∣2 (20)
s.t. |θ2,m| = 1, ∀m = 1, . . . ,M2. (21)
∠
(
bHθ2
)
= ∠ (b0) . (22)
It is not difficult to verify that the optimal solution to problem (P2.2) is given by
θ∗2 = e
j(∠(b0)+∠(b)) (23)
which suggests that the reflect beamforming of IRS 2 should be tuned such that the composite sig-
11
nals that pass through the reflection links related to IRS 2 (i.e., the user→IRS 1→IRS 2→BS and
user→IRS 2→BS links) are always aligned with that over the other link (i.e., the user→IRS 1→BS
link) to achieve coherent signal combining at the BS.
Next, we optimize the reflect beamforming θ1 of IRS 1 with fixed θ2 and w, for which the
objective function in (16) can be rewritten as∣∣∣∣∣wH
(
M1∑
m=1
Qmθ2θ1,m +R2θ2 +R1θ1
)∣∣∣∣∣
2
=
∣∣wH (Q¯+R1)θ1 +wHR2θ2∣∣2 (24)
where Q¯ , [Q1θ2, . . . ,QM1θ2]. Following the similar procedures in (19)-(23), we can obtain
the optimal reflect beamforming of IRS 1 as
θ∗1 = e
j(∠(c0)+∠(c)) (25)
with cH , wH
(
Q¯+R1
)
and c0 , w
HR2θ2, which aims to align the reflection links related to
IRS 1 (i.e., the user→IRS 1→IRS 2→BS and user→IRS 1→BS links) with the other link (i.e.,
the user→IRS 2→BS link) to achieve coherent signal combining at the BS.
Finally, given the cooperative reflect beamforming θ1 and θ2, the maximum-ratio combining
(MRC) is known as the optimal receive beamforming solution, i.e.,
w∗ =
M1∑
m=1
Qmθ2θ1,m +R2θ2 +R1θ1∥∥∥∥ M1∑
m=1
Qmθ2θ1,m +R2θ2 +R1θ1
∥∥∥∥
. (26)
Note that the proposed AO algorithm is practically appealing since the receive beamforming
vector w and two reflect beamforming vectors {θ1, θ2} are all obtained in closed form. As a
result, the AO algorithm has a low complexity of O(I0(N +M)), where I0 denotes the number
of iterations. Furthermore, the two reflect beamforming vectors are cooperatively designed to
achieve coherent signal combining for the double-reflection link and the two single-reflection
links, which also effectively balances their passive beamforming gains. Finally, the proposed
AO algorithm is guaranteed to converge due to 1) for each subproblem, the optimal solution is
obtained which ensures that the objective value of (P2) is non-decreasing over iterations, and 2)
the optimal value of (P2) is bounded from above due to the finite user transmit power.
B. Comparison with Single IRS
In this subsection, we compare the SNRs achieved by the double- and single-IRS assisted
systems under the single-user setup. We consider the symmetric IRS deployment where the
12
user→IRS 1 and IRS 2→BS links have the same distance whereas the user→IRS 2 and IRS 1→BS
links have the same distance (see Figs. 1 and 4), such that the two single-reflection links (i.e.,
the user→IRS 1→BS and user→IRS 2→BS links) have the equal product-distance path loss
[1] in the considered double-IRS cooperative system. For fair comparison, we move IRS 1 to
the position of IRS 2 to form a single (centralized) IRS as the baseline shown in Fig. 2(a)
and make the following channel assumption. Recall that R1 = G1diag (u1) ∈ CM1×1 (R2 =
G2diag (u2) ∈ CM2×1) denotes the cascaded user→IRS 1 (IRS 2)→BS channel in the double-
IRS cooperative system and R¯ = G¯diag (u¯) ∈ CM×1 denotes the cascaded user→IRS→BS
channel in the single-IRS baseline shown in Fig. 2(a).
Assumption 1 (A1): Under the single-user setup, we assume R¯ = [R1,R2] for the single-IRS
baseline system with any given channel realization.
Let γ¯∗ = max
w¯,θ
P |w¯HR¯θ|2
σ2w¯Hw¯
denote the maximum SNR achieved by the single-IRS baseline under
the single-user setup with K = 1 in (13). Let γ∗ denote the maximum SNR achieved by the
double-IRS cooperative system in problem (P2). Then, we have the following proposition.
Proposition 1: Under the channel assumption A1, we have γ∗ ≥ γ¯∗.
Proof: For the single-IRS baseline system, we have
γ¯∗ =
P
σ2
∣∣(w¯∗)HR¯θ∗∣∣2 (27)
where w¯∗ denotes the optimal normalized receive beamforming (i.e., ‖w¯∗‖ = 1) and θ∗ denotes
the optimal reflect beamforming. Accordingly, we can design the two reflect beamforming vectors
as θ1 = e
jφ[θ∗]1:M1 and θ2 = e
jφ[θ∗]M1+1:M for IRSs 1 and 2 in the double-IRS cooperative
system, respectively, where φ denotes a common phase shift applied to the two distributed
IRSs. Using the same normalized receive beamforming w = w¯∗ at the BS as the single-IRS
baseline and substituting θ1 = e
jφ[θ∗]1:M1 and θ2 = e
jφ[θ∗]M1+1:M into (14), we can obtain the
corresponding SNR in the double-IRS cooperative system as
γ
(
w¯∗, ejφ[θ∗]1:M1, e
jφ[θ∗]M1+1:M
)
=
P
σ2
∣∣∣∣∣ej2φ(w¯∗)H
M1∑
m=1
Qm[θ
∗]M1+1:M [θ
∗]m + e
jφ(w¯∗)HR2[θ
∗]M1+1:M + e
jφ(w¯∗)HR1[θ
∗]1:M1
∣∣∣∣∣
2
(b)
≤ P
σ2
∣∣∣∣∣ej2φ (w¯∗)H
M1∑
m=1
Qm[θ
∗]M1+1:M [θ
∗]m︸ ︷︷ ︸
a1
+ejφ (w¯∗)HR¯θ∗︸ ︷︷ ︸
a2
∣∣∣∣∣
2
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(c)
≤ P
σ2
(|a1|+ |a2|)2 (28)
where (b) holds since R2[θ
∗]M1+1:M +R1[θ
∗]1:M1 = [R1,R2] θ
∗ = R¯θ∗ based on the channel
assumption A1 and (c) is due to the triangle inequality and the equality holds if and only
if ∠(ej2φa1) = ∠(e
jφa2), which can be easily achieved with φ = ∠(a2/a1) for the channel
alignment of the double- and single-reflection links. As such, by setting φ = ∠(a2/a1), we have
γ
(
w¯∗, ej∠(a2/a1)[θ∗]1:M1, e
j∠(a2/a1)[θ∗]M1+1:M
)
=
P
σ2
(|a1|+ |a2|)2
=
P
σ2
(|a1|2 + 2 |a1| |a2|)+ P
σ2
|a2|2
(d)
≥ γ¯∗ (29)
where the equality of (d) holds if and only if a1 = 0, i.e., the double-reflection link vanishes.
Moreover, as γ∗ is the maximum SNR achieved by the double-IRS cooperative system, we always
have γ∗ ≥ γ (w¯∗, ej∠(a2/a1)[θ∗]1:M1, ej∠(a2/a1)[θ∗]M1+1:M) ≥ γ¯∗, thus completing the proof.
Based on the above proof, for any optimized receive and reflect beamforming w¯∗ and θ∗ in
the single-IRS baseline [15], we can set the initial beamforming in the double-IRS cooperative
system as
w = w¯∗, θ1 = e
j∠(a2/a1)[θ∗]1:M1, θ2 = e
j∠(a2/a1)[θ∗]M1+1:M (30)
to achieve a higher initial SNR than the maximum SNR of the single-IRS baseline. With
the single-IRS based beamforming initialization in (30) and the AO algorithm presented in
Section III-A, the double-IRS cooperative system can further achieve a better performance than
the single-IRS baseline, by effectively balancing the passive beamforming gains between the
double- and single-reflection links, which will be further verified via simulations in Section V.
Remark 1: Compared to the double-IRS assisted system considered in [23] with the single-
antenna BS and the double-reflection link only (i.e., ignoring the two single-reflection links), we
consider the more general system setup with the multi-antenna BS under the co-existence of both
double- and single-reflection links. Moreover, to achieve better performance than the single-IRS
baseline, the double-IRS assisted system in [23] requires a sufficiently large number of IRS
elements/subsurfaces for reaping the M4-fold power scaling under the LoS inter-IRS channel
model to compensate for the extra path loss introduced by the double reflection. In contrast,
by coherently combining the double- and single-reflection links in our considered double-IRS
cooperative system, we theoretically show its superiority to the single-IRS baseline in terms of
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the maximum SNR under arbitrary channels and numbers of IRS elements/subsurfaces as well
as BS antennas.
IV. MULTI-USER SYSTEM
In this section, we consider the general multi-user setup for the double-IRS cooperative system.
In the following, we first propose an efficient algorithm to solve problem (P1) sub-optimally
and then compare the double-IRS cooperative system with the conventional single-IRS baseline
in terms of the multi-user effective channel rank (or spatial multiplexing gain).
A. AO Algorithm Based on SDR and Bisection
For the non-convex optimization problem (P1), the two reflect beamforming vectors (i.e.,
θ1 and θ2, which are common to all users) need to be jointly designed with the received
beamforming vectors (i.e., {wk}Kk=1) to balance different user channel gains so as to maximize
the minimum SINR among all users. Similar to Section III-A, we further generalize the AO
framework to the multi-user setup by leveraging the SDR [24] and bisection methods to solve
problem (P1) efficiently.
For fixed receive beamforming {wk}Kk=1 at the BS, problem (P1) is reduced to the following
cooperative reflect beamforming optimization problem with δ as an auxiliary variable.
(P3): max
θ1,θ2,δ
δ (31)
s.t.
Pk
∣∣∣∣wHk
(
M1∑
m=1
Qk,mθ2θ1,m +R2,kθ2 +R1,kθ1
)∣∣∣∣2
∑
j 6=k
Pj
∣∣∣∣wHk
(
M1∑
m=1
Qj,mθ2θ1,m +R2,jθ2 +R1,jθ1
)∣∣∣∣2 + σ2wHk wk
≥ δ, ∀k (32)
|θµ,m| = 1, ∀m = 1, . . . ,Mµ, µ ∈ {1, 2}. (33)
As problem (P3) is still non-convex and difficult to solve optimally due to the unit-modulus
constraints as well as the coupling of θ1 and θ2, we propose to alternately optimize one of the
reflect beamforming vectors with the other being fixed. Specifically, for fixed θ1, problem (P3)
is equivalent to
(P3.1): max
θ2,δ
δ (34)
s.t.
∣∣qHk,kθ2 + q¯k,k∣∣2∑
j 6=k
∣∣qHk,jθ2 + q¯k,j∣∣2 + σ2k ≥ δ, ∀k = 1, . . . , K (35)
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|θ2,m| = 1, ∀m = 1, . . . ,M2 (36)
where qHk,j =
√
Pjw
H
k
(
M1∑
m=1
Qj,mθ1,m +R2,j
)
, q¯k,j =
√
Pjw
H
k R1,jθ1, and σ
2
k = σ
2wHk wk.
Although problem (P3.1) is still non-convex, we can equivalently transform it into
(P3.2): max
θ˜2,δ
δ (37)
s.t. θ˜H2 Bk,kθ˜2 + |q¯k,k|2 ≥δ
∑
j 6=k
θ˜H2 Bk,jθ˜2 +δ
(∑
j 6=k
|q¯k,j|2 + σ2k
)
, ∀k = 1, . . . , K (38)
|θ2,m| = 1, ∀m = 1, . . . ,M2 (39)
where
Bk,j =

qk,jqHk,j q¯k,jqk,j
q¯Hk,jq
H
k,j, 0

 , θ˜2 =

θ2
t

 (40)
with t being an auxiliary variable. As θ˜H2 Bk,jθ˜2 = tr
(
Bk,jθ˜2θ˜
H
2
)
, we further defineΨ2 = θ˜2θ˜
H
2 ,
which is required to satisfy Ψ2  0 and rank (Ψ2) = 1. Since the rank-one constraint is non-
convex, we relax this constraint and thus transform problem (P3.2) to
(P3.3): max
Ψ2,δ
δ (41)
s.t. tr (Bk,kΨ2) + |q¯k,k|2 ≥ δ
∑
j 6=k
tr (Bk,jΨ2) + δ
(∑
j 6=k
|q¯k,j|2 + σ2k
)
, ∀k = 1, . . . , K (42)
[Ψ2]m,m = 1, ∀m = 1, . . . ,M2 + 1 (43)
Ψ2  0. (44)
It can be verified that problem (P3.3) is a quasi-convex optimization problem, which can be
efficiently solved by the bisection method. Specifically, for any given δ, problem (P3.3) is reduced
to a feasibility-check problem, which is a convex semidefinite program (SDP) problem and thus
can be optimally solved by the existing convex optimization solvers such as CVX [25]. While
the SDR technique may not lead to a rank-one solution, we can retrieve a high-quality rank-
one solution to problem (P3.2) from the obtained higher-rank solution by using e.g., Gaussian
randomization [15].
Next, we optimize the reflect beamforming vector θ1 of IRS 1 with fixed θ2 and w, for which
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problem (P3) is equivalent to
(P3.4): max
θ1,δ
δ (45)
s.t.
∣∣pHk,kθ1 + p¯k,k∣∣2∑
j 6=k
∣∣pHk,jθ1 + p¯k,j∣∣2 + σ2k ≥ δ, ∀k = 1, . . . , K (46)
|θ1,m| = 1, ∀m = 1, . . . ,M1 (47)
where pHk,j =
√
Pjw
H
k ([Qj,1θ2, . . . ,Qj,M1θ2] +R1,j), p¯k,j =
√
Pjw
H
k R2,jθ2, and σ
2
k = σ
2wHk wk.
Following the similar transformations in problems (P3.1)-(P3.3), we can solve problem (P3.4)
using the SDR and bisection methods as well.
Finally, for any given θ1 and θ2, the effective channel of each user hk in (6) is fixed and
thus problem (P1) is reduced to K subproblems, each aiming to maximize the SINR given in
(9) that can be formulated as
(P4): max
wk
Pkw
H
k hkh
H
k wk
wHk
(∑
j 6=k
Pjhjh
H
j + σ
2I
)
wk
, k = 1, . . . , K. (48)
Let H = [h1, . . . ,hK] ∈ CN×K and W = [w1, . . . ,wK ] ∈ CN×K denote the effective user-BS
channel matrix and the receive beamforming matrix applied at the BS, respectively. Note that
problem (P4) can be solved with the receive beamforming design based on either the sub-optimal
zero-forcing (ZF) or the optimal minimum mean squared error (MMSE) criteria to cope with
the multi-user interference, with the closed-form expressions given by
WZF =H
(
PHHH
)−1
(49)
WMMSE =
(
HPPHH + σ2I
)−1
HP (50)
where P = diag
(√
P1, . . . ,
√
PK
)
denotes the diagonal transmit power matrix of the K users.
In the proposed AO algorithm, we solve problem (P1) by solving subproblems (P3.1), (P3.4),
and (P4) alternately in an iterative manner, where the solution obtained in each iteration is
used as the initial point of the next iteration. The details of the proposed algorithm for solving
problem (P1) to achieve the max-min SINR among all users are summarized in Algorithm 1.
It is worth pointing out that although Algorithm 1 for the general multi-user setup can also be
applied to the single-user setup, it is much less efficient due to the higher complexity arising
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Algorithm 1 AO Algorithm Based on SDR and Bisection for Solving Problem (P1)
1: Initialization: θ1 := θ
(0)
1 , θ2 := θ
(0)
2 , W :=W
(0), and the iteration number i = 0.
2: repeat
3: Solve problem (P3.1) for given W (i) and θ
(i)
1 via the SDR and bisection methods, and
denote the solution after performing Gaussian randomization as θ
(i+1)
2 .
4: Solve problem (P3.4) for given W (i) and θ
(i+1)
2 via the SDR and bisection methods, and
denote the solution after performing Gaussian randomization as θ
(i+1)
1 .
5: Solve problem (P4) for given θ
(i+1)
1 and θ
(i+1)
2 via the ZF/MMSE receive beamforming
design in (49)/(50), and denote the solution as W (i+1).
6: Update i := i+ 1.
7: until The fractional increase of the max-min SINR value in (9) is below a threshold ξ > 0
or the iteration number i reaches the pre-designed number of iterations I1.
from solving the SDR problem in each iteration, as compared to the AO algorithm presented in
Section III-A with a simple and optimal closed-form expression in each iteration. On the other
hand, if we substitute the ZF/MMSE receive beamforming of (49)/(50) into (32), it is found
that the objective function becomes even more complicated in terms of the cooperative reflect
beamforming {θ1, θ2}, which is generally difficult to handle and thus not considered here.
Finally, it can be shown that the complexity of solving problems (P3.1) and (P3.4) via the
SDR and bisection methods is O(M4.52 log(1/ǫ)) and O(M4.51 log(1/ǫ)) [24], respectively, with
ǫ denoting the accuracy of the bisection search. Moreover, the complexity of the ZF/MMSE
receive beamforming design for solving problem (P4) is O(N3). Thus, the overall complexity
of Algorithm 1 is given by O (I1((M4.51 +M4.52 ) log(1/ǫ) +N3)), with I1 denoting the number
of iterations required for convergence.
B. Comparison with Single IRS
Note that Proposition 1 presented in Section III under the single-user setup cannot be extended
to the general multi-user setup, since the double-IRS cooperative system may not guarantee
higher SINRs for all the users at the same time, i.e., γk ≥ γ¯∗k, ∀k = 1, . . . , K, with γ¯∗k denoting
the optimal SINR of each user k in the single-IRS baseline. This is fundamentally due to the
limited design degree of freedom on the common phase shift φ applied to the two distributed
IRSs, which is insufficient to achieve the channel alignment of the double- and single-reflection
links for all the users at the same time. As such, we take a different approach to compare the
performance of double- and single-IRS assisted systems.
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Different from the single-user setup for reaping the passive beamforming gain as much as
possible to maximize the receive SNR, the spatial multiplexing gain is more practically relevant
under the multi-user setup (especially when the system is interference-limited given sufficiently
high user transmit power), which critically depends on the rank of the multi-user effective
channel H that is reconfigured by distributed IRSs. Specifically, if rank (H) = K, the (left)
pseudo inverse of H exists and thus we can apply the ZF receive beamforming in (49) at the
BS to fully mitigate the multi-user interference. In this case, by substituting (49) into (9), we
can obtain the minimum SINR in the objective function of (10) as
λ(P ) = min
k
P
σ2
[
(HHH)−1
]
k,k
(51)
where equal user transmit power, i.e., Pk = P, ∀k, is assumed for simplicity. It can be observed
that as being free of multi-user interference, the minimum SINR λ(P ) in (51) is monotonically
increasing with the user transmit power P , which implies that any finite target SINRs can be
achieved with sufficiently high user transmit power. On the other hand, if rank (H) < K, we may
not have enough degrees of freedom to fully mitigate the multi-user interference (even with the
optimal MMSE-based receive beamforming in (50)) and thus the system becomes interference-
limited. In this case, the max-min SINR among the users is expected to saturate with the increase
of user transmit power P .
As the channel rank plays an essential role in the system performance under the multi-user
setup, in the following we focus on the channel rank comparison between the double- and single-
IRS assisted systems. For the double-IRS cooperative system shown in Fig. 1, we let rank (U1),
rank (U2), rank (D), rank (G1), and rank (G2) denote the channel ranks of the user→IRS 1,
user→IRS 2, IRS 1→IRS 2, IRS 1→BS, and IRS 2→BS links, respectively, as illustrated in
Fig. 3(a), where U1 = [u1,1, . . . ,u1,K ] ∈ CM1×K and U2 = [u2,1, . . . ,u2,K ] ∈ CM2×K denote the
user→IRS 1 and user→IRS 2 channel matrices, respectively. While for the single-IRS baseline
shown in Fig. 2(a), we let rank
(
U¯
)
and rank
(
G¯
)
denote the channel ranks of the user→IRS
and IRS→BS links, respectively, as illustrated in Fig. 3(b), where U¯ = [u¯1, . . . , u¯K ] ∈ CM×K
denotes the user→IRS channel matrix. Note that for a typical IRS composed of a large number
of reflecting elements in a compact space, its channel rank with the BS/user cluster highly
depends on the wireless propagation environment in between. For example, under the widely-
used geometric channel model [26]–[28], the channel rank of the IRS→BS link is determined
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Fig. 3. Channel ranks for double- and single-IRS assisted systems.
by the number of scatterers between the IRS and the BS, which is irrelevant to the size of IRS
in general. As such, similar to the single-user setup, we move IRS 1 to the position of IRS 2
to form a single (centralized) IRS as the baseline shown in Fig. 2(a) and make the following
channel rank assumption.
Assumption 2 (A2): Under the multi-user setup, we assume rank
(
G¯
)
= rank (G2) and rank
(
U¯
)
=
rank (U2) for any given IRS deployment.
Let rank (H) and rank
(
H¯
)
denote the multi-user effective channel ranks of the double- and
single-IRS assisted systems, where H¯ =
[
h¯1, . . . , h¯K
] ∈ CN×K denotes the effective user-BS
channel matrix of the single-IRS baseline. Then, we have the following proposition.
Proposition 2: Under the channel rank assumption A2, we have
rank (H)− rank (H¯) ≥ min (rank (G1) , rank (U1)) . (52)
Proof: Please refer to the Appendix.
Proposition 2 shows that the double-IRS cooperative system has a higher channel rank than
the single-IRS baseline in general, with a gain no less than min (rank (G1) , rank (U1)). As
such, for the case with the single (centralized) IRS located in the same position as IRS 2,
we should properly deploy IRS 1 to maximize min (rank (G1) , rank (U1)), so as to maximize
the channel rank gain of the double-IRS cooperative system over the single-IRS baseline. For
example, under the geometric channel model [26]–[28], rank (G1) is determined by the number
of scatterers between IRS 1 and the BS; while we typically have rank (U1) = K in practice
due to the geographically separated antennas of users. In this case, IRS 1 should be deployed to
have a richer scattering propagation environment with the BS so as to increase the channel rank
gain. With the much higher channel rank (or spatial multiplexing gain of the multi-user MIMO
system), the double-IRS cooperative system can support more users and further achieve a higher
max-min SINR/rate than the single-IRS baseline, as will be shown by simulations in Section V.
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Fig. 4. Simulation setup.
V. SIMULATION RESULTS
In this section, we present simulation results to examine the performance of the considered
double-IRS assisted system as well as the proposed algorithms for the cooperative passive
beamforming design. Under a three-dimensional (3D) Cartesian coordinate system, we assume
that the central (reference) points of the BS, IRS 2, IRS 1, and user cluster are located at (1, 0, 2),
(0, 0.5, 1), (0, 49.5, 1), and (1, 50, 0) in meter (m), respectively, as shown in Fig. 4. Moreover, the
BS is equipped with a uniform linear array (ULA); while the two distributed IRSs are equipped
with uniform rectangular arrays (URAs). The azimuth angles of IRSs 1 and 2 with respect to
the x-axis are set as π/4 and 3π/4, respectively. As in [5], [6], we group every 5× 5 adjacent
IRS elements that share a common phase shift into a subsurface for design simplicity in both the
double- and single-IRS assisted systems. The distance-dependent channel path loss is modeled
as γ = γ0/d
α, where γ0 denotes the reference path loss at the reference distance of 1 m which
is set as γ0 = −30 dB for all individual links, d denotes the individual link distance, and α
denotes the path loss exponent which is set as 2.2 for the link between the user cluster/BS and
its nearby serving IRS (due to the short distance) and set as 3 for the other links (due to the
relatively large distance).
For the cooperative reflect beamforming design, we consider a benchmark scheme based on
the joint codebook search, which jointly searches the two reflect beamforming vectors θ1 and
θ2 over two given codebooks (denoted by F1 and F2, respectively) for achieving the maximum
SNR in (14) under the single-user setup or the max-min SINR in (10) under the multi-user setup.
In addition, the receive beamforming designs based on MRC in (26) and ZF/MMSE in (49)/(50)
are applied for the single-user and multi-user cases, respectively. In the following simulations,
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we adopt the discrete Fourier transform (DFT)-based codebook, where Fµ with µ ∈ {1, 2} is the
codebook/set that includes all the column vectors of the Mµ×Mµ DFT matrix. In this case, the
joint codebook search scheme has the complexity of O(M1M2(N+M)) and O(M1M2(N3+M))
for the single-user and multi-user cases, respectively. Note that under the single-user setup, both
the AO algorithm presented in Section III-A and the DFT-based codebook search scheme have
very low complexity and implementation cost. While under the multi-user setup, as compared to
Algorithm 1 presented in Section IV-A with the SDR involved, the DFT-based codebook search
scheme admits much lower complexity. In this case, the DFT-based codebook search scheme can
be served as a high-quality initialization for Algorithm 1 to accelerate its convergence speed,
for which the number of iterations I1 is small to achieve convergence based on our simulations.
In the following simulations, we consider the max-min achievable rate (which monotonically
increases with the SNR/SINR) among all the K users as the performance metric, which is given
by
C = min
k
log2 (1 + γk) = log2
(
1 +min
k
γk
)
(53)
for the double-IRS cooperative system, whereas that for the single-IRS baseline can be similarly
defined with γk replaced by γ¯k. Moreover, we consider the single-IRS baseline system in Fig. 2(a)
for comparison, where the single (centralized) IRS is located in the same position as IRS 2 shown
in Fig. 4. Without loss of generality, all the users are assumed to have equal transmit power,
i.e., Pk = P, ∀k in the simulations. The system operates at a carrier frequency of 6 GHz with
the wavelength of 0.05 m and the noise power at the BS is set as σ2 = −64 dBm.
A. Single-User System
First, we consider the single-user setup withN = 5. We set the link between the user cluster/BS
and its nearby serving IRS as the LoS-dominant channel with a high Rician factor of 10 dB.
For the link between the user cluster/BS and its far-apart IRS as well as the inter-IRS link (i.e.,
the IRS 1→IRS 2 channel), we consider the Rician fading channel model with the Rician factor
denoted by κ, which depends on the deployment of the cooperative IRSs and will be specified
later to study its effect on the system performance. Moreover, the number of iterations for the
AO algorithm in Section III-A is set as I0 = 100 to guarantee the convergence performance.
In Fig. 5, we compare the achievable rate versus the user transmit power for different cooper-
ative reflect beamforming designs in the double-IRS cooperative system, with κ = −10 dB. As
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in [15], SDR can also be applied to the cooperative reflect beamforming design of problem (P2)
substituted with the optimal MRC receive beamforming, which achieves near-optimal perfor-
mance with relatively higher complexity. It is observed that with the beamforming initialization
based on either (30) or the DFT-based codebook search scheme, the proposed AO algorithm
converges to the same performance as the SDR method. On the other hand, for the initial
beamforming design, the single-IRS based beamforming initialization in (30) achieves much
better performance than the DFT-based codebook search scheme.
In Fig. 6, we show the achievable rate versus the number of subsurfaces M1 assigned to IRS 1,
given the budget on the total number of subsurfacesM = M1+M2 = 32 for the comparison of the
double- and single-IRS assisted systems based on the channel assumption A1. It can be observed
that with the single-IRS based beamforming initialization in (30), the double-IRS cooperative
system (regardless of the number of subsurfaces M1 assigned to IRS 1) always achieves better
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rate performance than the single-IRS baseline, which corroborates Proposition 1; while the rate
gain is maximized when the two distributed IRSs are assigned with roughly equal number of
subsurfaces. Furthermore, given the single-IRS based beamforming initialization, the proposed
AO algorithm further improves the achievable rate of the double-IRS cooperative system, by
effectively balancing the passive beamforming gains from the double- and single-reflection links.
In Fig. 7, we plot the achievable rate versus the total number of IRS subsurfaces M for
both the double- and single-IRS assisted systems. Several interesting observations are made
as follows. First, as the Rician factor κ increases, the achievable rates of both the double-
and single-IRS assisted systems increase; meanwhile, the performance gain of the double-IRS
cooperative system over the single-IRS baseline increases as well. This is due to the fact that
as all the links become LoS-dominant in the high-Rician-factor regime (e.g., κ = 10 dB), the
large passive beamforming gain from both the double- and single-reflection links can be reaped
by the double-IRS cooperative system, which is much larger than the passive beamforming gain
of the single-IRS baseline from the single-reflection link only. Second, one can observe that
by doubling M from 64 to 128, the achievable rate of the double-IRS cooperative system in
the high-Rician-factor regime (e.g., κ = 10 dB) increases about log2(2
4) = 4 bps/Hz; whereas
that of the single-IRS assisted system only increases about log2(2
2) = 2 bps/Hz. This is due to
their different power scaling orders (M4 versus M2) with increasing M under the LoS-dominant
channel condition, as revealed in [23]; while such an M4-fold power scaling law still holds
for the considered double-IRS cooperative system under the general setup with the co-existence
of both double- and single-reflection links. Finally, the performance gain of the double-IRS
cooperative system over the conventional single-IRS baseline becomes substantially larger with
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further increasing M , regardless of κ.
B. Multi-User System
Next, we consider the multi-user setup with N = 40, where we set M1 = M2 = M/2 = 16
for the two distributed IRSs in the double-IRS cooperative system. To examine the effect of the
multi-user effective channel rank on the max-min rate performance, we consider the geometric
channel model [26]–[28] for all the individual links as discussed in Section IV-B. For example,
the IRS 2→BS channel G2 can be modeled by
G2 =
L∑
ℓ=1
ρℓaBS(ϑBS,ℓ, ϕBS,ℓ)a
H
I2(ϑI2,ℓ, ϕI2,ℓ) (54)
where L denotes the number of scatterers between IRS 2 and the BS, ρℓ is the complex-valued
gain of the ℓ-th path, and aBS(ϑBS,ℓ, ϕBS,ℓ) ∈ CN×1 and aI2(ϑI2,ℓ, ϕI2,ℓ) ∈ CM2×1 denote
the receive and transmit array response vectors with the angle of arrival pair (ϑBS,ℓ, ϕBS,ℓ)
and angle of departure pair (ϑI2,ℓ, ϕI2,ℓ) at the BS and IRS 2, respectively. Other individual
channels follow the similar model in the above. It is worth noting that under the geometric
channel model, the channel rank of the link between the BS and each IRS (as well as the
inter-IRS link) is determined by the number of scatterers only; while for the link between
the user cluster and each IRS, we have rank (U1) = rank (U2) = rank
(
U¯
)
= K in practice
due to the geographically separated antennas of users regardless of the scattering environment.
Accordingly, in the following simulations, we set rank
(
G¯
)
= rank (G2) = 2 based on the
channel rank assumption A2 for the link between the BS and its nearby serving IRS; and
rank (G1) = rank (D2) = 4 for the link between the BS and its far-apart IRS as well as the
inter-IRS link due to the relatively large propagation distance. Moreover, we consider the equal
path gain (i.e., |ρℓ| = ρ¯, ∀ℓ in (54)) for the considered geometric channel model. The number
of random vectors used for Gaussian randomization after solving the SDR is set to be 100, the
accuracy for the bisection search is set as ǫ = 0.1, and the number of iterations in Algorithm 1
is set as I1 = 4 for affordable complexity in practice.
In Fig. 8, we show the max-min achievable rate versus the user transmit power with K = 5
in the double-IRS cooperative system. The cooperative reflect beamforming in Algorithm 1
is initialized using the DFT-based codebook search scheme. It is observed that after several
iterations (I1 = 4), Algorithm 1 achieves much better performance than the DFT-based codebook
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Fig. 8. Max-min achievable rate versus user transmit power P , with K = 5.
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Fig. 9. Max-min achievable rate versus user transmit power P , with K = 5.
search scheme, especially for the low user transmit power. Moreover, as P increases, the max-
min rate of Algorithm 1 (as well as the DFT-based codebook search scheme) using the ZF receive
beamforming asymptotically approaches that using the MMSE receive beamforming, which is
expected since the noise effect becomes negligible when P is large.
In Fig. 9, we plot the max-min achievable rate of the double-IRS cooperative system against
the conventional single-IRS baseline versus the user transmit power, with K = 5 users. Under
our simulation setup, the double-IRS cooperative system can accommodate K = 5 users since
rank (H) = K; while the multi-user effective channel of the single-IRS baseline is rank deficient
with rank
(
H¯
)
= rank
(
G¯
)
= 2 < K, which leads to the max-min rate saturation as the user
transmit power increases. This is due to the lack of spatial degrees of freedom to fully mitigate
the multi-user interference and thus the single-IRS baseline becomes interference-limited. In
contrast, thanks to the distributed IRS deployment, the double-IRS cooperative system achieves
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Fig. 10. Max-min achievable rate versus the number of users K, with P = 30 dBm.
a much better channel rank condition and thus its max-min achievable rate keeps increasing as
the user transmit power increases, as shown in Fig. 9.
In Fig. 10, we show the max-min achievable rate versus the number of users for the comparison
between the double- and single-IRS assisted systems, where we adopt the high user transmit
power of P = 30 dBm to examine the effect of channel rank/spatial multiplexing gain on the
system performance. It is observed that with a small number of users (i.e., K ≤ 2), both the
double- and single-IRS assisted systems achieve high max-min rates by leveraging the large
passive beamforming gains. However, when K > 2, the max-min achievable rate of the single-
IRS baseline dramatically decreases as its multi-user effective channel rank becomes deficient.
This is expected since the deficient channel rank limits the spatial multiplexing gain of the single-
IRS baseline for supporting multiple users, thus resulting in a low max-min achievable rate when
K > 2. On the other hand, by effectively balancing the gains from the passive beamforming
and spatial multiplexing with the co-existence of both double and single-reflection links, the
double-IRS cooperative system achieves much better performance in terms of the max-min rate
and rate degradation with increasing K, as compared to the single-IRS baseline. Finally, for
the system with a deficient channel rank, the MMSE receive beamforming generally achieves
better performance than the ZF counterpart, even with the high user transmit power, as shown
in Fig. 10.
VI. CONCLUSIONS
In this paper, we proposed the double-IRS assisted multi-user MIMO communication system
and investigated its cooperative passive beamforming gain under the general channel setup with
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the co-existence of both double- and single-reflection links. We formulated and solved the joint
receive and cooperative reflect beamforming optimization problem to maximize the minimum
SINR among all users. Moreover, for the single-user and multi-user setups, we analytically
showed the superiority of the double-IRS cooperative system to the single-IRS baseline in
terms of the maximum SNR and multi-user effective channel rank, respectively. Simulation
results demonstrated the substantial performance gains achieved by the new double-IRS assisted
system with the proposed cooperative reflect beamforming designs in various system settings,
as compared to the conventional single-IRS baseline.
APPENDIX
For the double-IRS cooperative system, we can re-express (1) as
H =G2Φ2DΦ1U1︸ ︷︷ ︸
Hd
+G2Φ2U2 +G1Φ1U1︸ ︷︷ ︸
Hs
(55)
where Hd denotes the channel matrix of the double-reflection link and Hs denotes the super-
imposed channel matrix of the two single-reflection links. Since the BS, distributed IRSs, and
user cluster are geographically separated, the individual channels between any two of them are
statistically independent. As a result, matrices U1, U2, D, G1, and G2 are linearly independent
to each other, and thus we have
rank (Hd) = rank (G2DU1) = min (rank (G2) , rank (D) , rank (U1)) (56)
for the channel matrix of the double-reflection link, and
rank (Hs) = rank (G2U2) + rank (G1U1)
=min (rank (G2) , rank (U2)) +min (rank (G1) , rank (U1)) (57)
for the superimposed channel matrix of the two single-reflection links, where the diagonal
reflection matrices Φ1 and Φ2 of the two distributed IRSs are of full rank and thus will not
affect the channel rank condition. However, it should be noted that Hd and Hs are not linearly
independent in general due to commonly shared G2 and U1. As such, we have the following
relationship on the channel rank condition of H:
rank (Hs) ≤ rank (H) ≤ rank (Hs) + rank (Hd) . (58)
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For the single-IRS baseline, we can re-express (12) as
H¯ =G¯ΦU¯ . (59)
Similarly, since matrices G¯ and U¯ are linearly independent to each other due to the geographical
separation of the BS, IRS, and user cluster, we have
rank
(
H¯
)
=rank
(
G¯U¯
)
= min
(
rank
(
G¯
)
, rank
(
U¯
))
(60)
where the diagonal reflection matrix Φ of the single IRS is of full rank and thus will not affect
the channel rank condition. Furthermore, under the channel rank assumption A2, we have
rank
(
H¯
)
= rank (Hs)−min (rank (G1) , rank (U1)) . (61)
Finally, by comparing the results of (58) and (61), we can readily obtain (52), thus completing
the proof.
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